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PREFACE

Precursors of bdologically sctive proteins are known as
gymogens or procngymes. Zymogens are inactive precursors of the core-
responding enzymes, and may be activated in various ways, Elucidation
of the mechamism of activation, and of the differences between the pre-
cursor and the correspording active enzyme, may yield results of fare
reaching importance on the nature and the action of the enzymes,

The activation of trypsinogen and chymotrypsinogen has recently
been studied in comsidorable detall, but the nature of the process of
the activation of pepsinogen hes not yet been campletely cleared upg the
obgerved changes are somevhat complicated, and it is not clear how far
they are associated with the activation itself,

The activation of pepsinogen appears to involve a fragmentae
tion of peptides; if those poptides can be isolated and detexwined, it
will give an important clue to the difference between the two protedns
and also to the mature of the structure of the enzyme.

The fluorodird trobenzere method of Sanger has been used exten-
sively during the past decade, and is now a well-established procedurs
in protein chemistry, It can be applied to study the structurs of small
peptides isolated fram partial hydrolysates of proteins end polypeptides.
The condensation with the reagent is quantitative and relstively free
fram gide reactions, and the products are bright yellow which is very
helpful for their chroumatographic separation,



Therefors, we have attempted to analyze the activation
rdxtures by the FDNB method, and to study the chemical events oecurring
during the conversion of pepsinogen to pepsin,
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ABSTRACT

The activation of purified pepsinopen was studied at PH 240
and 5.6 and at 20°C and 0°Ce It was found to be catelyzed by hydrogen
lone at pli 2.0 end to be truly autocatalytic only at pH 5¢6 and 0°C. A
certain mmber of peptides produced during activation were isolated, the
rate of formation of the main peptide was found to be identical with the
rate of formation of pepsine The production of the other important pep=-
tides could be explained only Yy assuming that more than one specles of
active pepsin is produced during activatione It is concluded that the
production of each species of active pepsin involves the cleavage of
only one peptide bond in each case,




CHAPTER 1o INTRODUCTION

(1) General considerations of the mechanism of activation of provecly=-

tic gymogens

The process of activation of gymopens has certain common
featurese The transformations arc catalyzed by proteolytic ensymes
which operate with a high degree of specificity amd selesctivity, effec-
ting the hydrolysis of a limited number of peptide bonds in the zymogen
molscules The product of activation may be comsidered as an enzymatic
modification of the precursors

The hydrolytic cleavage of one or more peptide bonds in the
Zymogen molecule is an essential feature of these reactions, theretore,
many chemical changes may be expected, Zach peptide bond which has
been hydrolysed will give rise to one Ne and C-terminal group which may
be determined by one of the methods of end group analysis, If the hy-
drolyzed bond is in a terminal region of a polypeptide chain of the
gmogen moleculs, an auine acid or peptide fragment will be formed, and
can be determined by separating the protein and peptide or amine acid
fractions from ons anothere If the hydrolyzed peptide bond occupies an
internal position in the polypeptide chain, cleavage of the protein
molecule into relative large fragmentis mgy occure

A detalled comparison of the chemical and physical properties
of the aymogens before and after activation is essential for elucidating

the natures of the changes occurring during activations. The modern
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methoio of protein chemistoy and engyacloyy are available for structure
atudies, and & number of contributicns are uwsing a variety ol mzans to
wneover the structure changes during the activation of WToLeNSe The
dramatic developmont of recent years in the stuidy of activation of
trypsinogen wul clgmotrypsinopen provided the most striling set of
exanples of activation of proteolytic zimogense

de The activaiion of trypsinogen

The He-tenrinal sequerce of itrypsinogen is Vale (A3p)), « e »
Ileu o Val » Gly {1y 2, 3). It has no detectable C-terminal residue
(ky 5)e Thus it is likely to contain ome open chain with a covalently
blocked aecarboxyl rroup. A serics of sequerces have already teen clue
cidabed in this chain (&),

Yrypoin 1s Zormed under a variety of coniitions, The activae
tion io caueed Yy three different enuynes, l.ee trypoin iteelf, enterce
iinase, and nold proteinacos,

In the ph range of 540 = 940, the addition of tryrein cataly=
zus the transformation of trypoinogen into Lwo products, tivpsin and
an irert protein (7)e« Doth of theae regctions pive S-shaped propgreos
curvesg in the case of the fomation of trypsin this it due to the
autocatalytic nature of the reactione

It wou noticed that soao acid solutions of Lrypeliwgen becune
activated quite rapidlys. Tids abnormal activation in certain acid
sclutions was traced Lo the prosence of a winute amount of mold, penie

¢illiume It was Lound on cultivatine the mold that the culture mediva



became increasingly powerful in its ability to fomm trypsin from trypsil-
nogen, and a concentrated ard partially purified solution of this actie
vating princivle has teen ottained, It i assoclated with a proteoly-
tic enzyme produced by the mold, but whether or not it is identical
with this enzyme has not yet been determined. In any case, the subs-
tance presents & very useful reapent for the formation of trypsin from
trypsinogen, since the reaction occurs in acid soluticen under which
condition both trypein and trypsinogen are stables The optirmm pH is
about 3e0e

The activation of trypsinogen Ly enterckinase (7, 3, 2) is
usually accompanied by two other competing reactions, namely, the auto=
catalytic formation of trypsin und the formation of inert proteinse
liowever, in solutions with more acid than pH 6, the rate of formation
of irert proteins is minimized, whereas the autocatalytlic reactlion can
be made neglirible in dilute trypsinogen solutionse

Since the molecular welprht of tmpsinoren and trypsing as
detormined by sedimentation and diffusion (10, 11), or as calculated
from the amino acld analysis (12), is practically the same; it is clear
that no large protein fraguent has been split off during the autocata=
1ytic activation of the trypsinogen. The first indication for the
liberation of a peptide was provided by the findings of Desnuelle and

coworkers (13) that eacl: of the two proteins has only one N-terminal
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group, which, however, is different in the two cases, suggesting that a
peptide fragment had been liberated frum the N-terninal region of the
molecule. Tre higher igoiomic point of trypsin, as compared to trypsi-
nogen, sugrested that such a peptide must have predomirently acidic
properties. The amount of peptide liberated was reported to be propore
tional to the degree of activation (Ih), thus indicating the liberation
of thie peptide and the appearance of tryptic activity are related
phenamena. Quantitative amino ecid analysis of acid hydrolyzates of
the purified poptids yielded scpartic acid, veline, and lysine in mole
ratios of Lil:le The structure Valyl-{Aspartyl))=-lysine was assigned to
this hexapeptides

£11 evidence at present available indicates that one, and only
one, peptids bond is split during the activation of trypsinogen, resule
ting in ihe liberation of a hexapeptides. Since this haxapeptide is
derived fron the open end of the single peptide chain of the molecule,
4t is difficult to visvalize now this event in itself can be the cause
for Lhocn siroctvral changes in the molecule which are responsible for
the appearance of enzmymatic activity. However, it may be significant
in this connechion that the Neterminal portion of trypsinogen which is
removed during activation in the forrm of a hexapeptide contains four
afljacent regative charpes contributed by the Pe=carboxyl group of the
adjacent uspartic acid side chains. Kleetrostatic repulsicn adght
maintadin that segment of the peptide chain in an exterced configuration

(15) and exclude it from orientation in a helical pattort. Thic fact,




in turn, may be responsible for the suscepbibility of the lysyl=icoleue
eyl bond to tryptic hydrolysis durdng asctivation in preference to all
other Londs which rght be protected Ly being hydrogen-bornded, As @
Iurther consequence of the particular cumposition of the B=terminal
sequence ol trypsinogen, it may be assumaed that one or more of the ace-
partic acid side chaing 19 hydrogen bornded to more distant side chaine
alony the polypeptide chain of trypuinoren, tlus establisidng a loop.
Splitting of the lyoyl-isoleucine bond would remove the structure
rigidity in this repion and allow one of the newiy fomed chain ends to
agsume & more nearly helical contipuratione Accordine to this interprew-
tation, the structural contribution of twe or more lydrogen bonds, or
galt linkages, is an important factor in the conversion of the trypsie
nosen to the active trypsine

be The activation of chyrolrypsinogen

The cattle pancraatic Juice contains two clynotrypsino;ens,
chymotrypoinogen A and chymotrypsinogen Bs There is very close ayrec=
ment between physicochemical properties, the most starildn: difierence
between the proteins is only the isoelectric point which 1s Y1 for
chymotrypainogen A and 5.2 for chymotrypsinopen B at Q.1 ionie strengtha
Ciymotrypsinogen A can be easlly crystalliszed and recrystallized in
hich yleld Ifrar ammordum sulfate solution or aguecugs ethanols Chyno=
trypsinogen B does not crystallize so readily (16), and it was crigingle
ly thourht te be of minor importencee




The molecular weignt of chymotrypsinoren A is 25,00U3 the
nolecular weipht of chvmotaypsinogen B is 1ikely to be about the sanse

When the tecledques for end group determination are applied
to ehymotrypsinoren A in their ordinary form, no terminal residues are
Tounds Thus the protein was considered as cyclic for sase vears, In
fact, it represents a curious cawbination of two upecial cuscte ThO liw
terminal residue is half cystine, which can not be fourst befcre perfor-
uwic acid oxddation (17)s The C-termined resisue is asparagine (13, 19,
2C), which cun not be detected by hydrazinolysis and which is unavaila=-
ble te carboxyreptidase in the native protein, The C-terrdnal sequernce
beconos available aftar destructicn of the S-3 bridrese The reduction
doeg not modify the protein moleculer weipht (6)s This result swirrosts
thst clymotrypeinogen A contains & sinrle open chadn begimdng with half
cystine ard ending with azparagines

The activation of chyrotrypoincgen by trypeio can give rise to
several enzymatically active components, the patimsy and the final proe
duct depending on the concentrstion of trypsine Two conditions of
activation nagr be distinguisbed, usually referred to as fast and slow
activations lUnder conditions of fast activation (21), maximal proteo=
Lytic activity iu attmined at 0°C afier 1 - 2 hourj whereas under
corditions of eclow activation (22), the maximal activity As reachx! at
0°C after L hourse 3Slow activation 1o the process oricinally deseribed
by Kunits and Xorthrop (22) for the comversion of chynotrypsinoren into

cryotalline geclgmobinpsin and other proteins which after further



activation yielded the erystslline products, $ and y=chymotrypsin (23).
The products of rapid activation have been denoted as n and Hechymotry-
rsine The end products of these two activation processes are presumably
not interconvertible. The rates of activation processes are controlled
by the trypsir concentration. The chymotrypsinegen-trypuin welgnt ratio
is 36:) in the case of the rapid activation, and approximztely 10000:1
in the case of the slow activation,

It seams reasonably certain that during rapld activation of
clymotrypsinopen two peptide bonds are hydrolyzede At {irst, clymotryp-
sinogen=4A is converted by trypsin into n-clymotrypsin by the splitiing
of an arginyl-iscleucine bond., The splitting of a single bond 1s assow-
clated with the appearance of enzymic activity; n-chymotrypsin is
actually the most active of all knoun chywotrypesins. Then nechymotiyp-
sin autolyzes (2L)j the second bond is broken off from ore of its
C-terminal sequences, (iving risc to Sechymotrypsin and to a dipeptide,
serylarginine, This minor chenge does not influence the activity. And
then the process comes to a stopy S=clymotrypsin belnp the relatively
stable end product of rapid activation.

According to the investipations of Kunitz and MNorthrop (22),
the slow activation of chymotrypsinogen by trypsin occurs at maximum
rate between the limits of pH7 and 9, the rate being decreasing rapidly
on either side of this range. Two additional processes (25) have tinme
to take place. Chymotrypsinogen is slowly atitacked by clymotrypsin,

and 8=chymotrypein slowly autolysis. Two bonds, tyrosyle-threcnine and
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asparaginyl-alanine, located in snother region oi the molecnle are split,
and a second dipeptide, threonylaspargine, is literateds then these
chymotrypsin=catalyzed splittings take place alone, that is to sar in
the absence of trypsin, no activation occurse. Chyvmotrvisinogen & is
converted into new and still-activable fomns which have been called
neochymotrypsinogens(25)e When trypsin is present in small amount, as
is the case durins the slow activation, two possibilities exist: the
trypsin-catalyzed activation of ciymotrypsinopen, followed Ly &eclymo=-
trypsin spontanecus autolysis, and ehymotrypsinecatalyzed conversion of
chymetrypsinogen into neochymotrypsinogens, followed by a trypsine-cata-
lyzed activation of these latter substances. Doth precesses involve the
splitting of a total four bomds and pive rise to a-chymotrypsin and two
dipeptides, serylarginine and threonylasparagine. The a-clymotryvpsin
containing Keteminal isoleucire also contains alanine ss an Neterminal

group (13), and tyrosine and leucine as C-termiral proups (26, 27)e

(2) Chenistry of pepsinogen and pepsin

as HMethods of prepuaration

The isolation of pepsinogen from gastric mucosa consists in
the extraction of the tissue with 0.l5 saturated ammonium sulfate, con-
taining sodium bicarbonate, ard precipltation of protein at 0,63 sabura-
ted ammonium sulfates Thé precipitate iz then absorbed on cupric
hydroxide at pHO and pepsinogen eluted with 0.1 ¥ phosphate buffer, pid
Ge3e After repeating this step, pepeinoren crystallizes from Oeki

saturated ammonium sulfate at pll 6425 (3, 23).
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Pepsin is produced from papsinogen autocatalyticallye. Acidie
sleatder of peusinoren solution s sulficient Yo bring actlvatior, wircs
traces of repsir ave alyays presente

Pepsia mey e paridied fwa geois de fuice (2}, Jrom crude
commercial preparations {1u), ar frem pepuinegon ohioired frow gastric
nucosa (£9)e The first eryybeiline pepoin tae obbulred from swine by e
salt frecticnation preoeders {33) which has since bedn surewnab modified
(255 31)e

A preparation lcw ir 8ali is obtained Ly crystallization fram
20% alcohol (32)s Commercisl ervystallire pepsing alten conbain signiiie
cunt noneproiein contapirants, probably peptides srising from autolyeis
(33)e jywegh 2nd Ndwan (3L) removed peptide contrnina ants from pepsin
proparations by passing a 0,59 soluiion of yepcin at pH 29 through a
Dowesn~30 coluwr at lov taupersiuvre. Mtz and Sehl ertor (35) have

employed absorption on the wak anion exchanyor DrRAl-rellulcoac {36) to

obtasin a stable dry producte

=

Orochevich ot al, have vurified pepsin »1to chranatopraphy on

2.

DiAf=cellulose {37, 30)s Arnon and Parlmann {39) have reportod that the
procedure for the purd ficubion of pepsinogen can Le arpreciably slmpli-
fiod with the use of chramatograpiy i SLAL=ea11nlo8e colusng and Coimer-
cial crutc pepsincgen bas been pardficd by & rodilicaiion of Lha
procedurs of Ryle (L)

be Heteropenzity cf oepsin

AMtrough awlng popsin was the tirst of the proteineses to Le
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cryetallized, it has been clear for years that tho usual crystalline
preparations do not represent a homopeneous materials

Crystallized pepsin has been successiully split by adoorption
on alurdna into fractiors, one of which is characterised, particularly
by a liquefying action, and the other by a more hydrolizing action on
gelatin (L1); Northrop (L2) has also indicated the presence of an enzyme
constituent in crude pepoin preparations which Mquefies gelatine

Herriott et ale (L3) have reporter the preparation of several
active protein components from crystalline ewine pepsine. These mthors
have obtained a pure pepsineA of constant solubility from pepsinogen
and from cortain coumercisl pepsin preparationse It hac proved irpos-
sible to separato the pepsineA from the other protein components by
means of electrophoresis at pH Lel 10 5e2e

Neumann and Sharon (L) described the preparation of a pepsin,
denoted as pli=3 pepsin widch does not exhibit transpertidation activity
and yot preserves its lydrolytic activity.

ph=3 pepsin and pH~2 pepsin have simllar activities toward
hemoplobine They differ markedly, lhowaever, in their bebaviour towards
gynthetic substrabes. |

The pil=3 pepsin could readily be converted to pi~2 pepsin by
lowerins the pH to 2 with HCle

A Trapment of pepsin of molecular weipht below 10,000 with ono
tldrd of the oriyinal activity, has aleo been isolated by Tokuylsu and

Punatsu by chromatorraphy on Amberlite IRC=50 and Dowex 5H0XZ {15).



-19 -

Crystalline swine pepsin prepared from commercial preparations
or from pepsinogen (23) is not a single protein as Jjudped by solubility
neasurements. The solubility behavior of the protein resembles that of
a solid solution, but at pH 5 a more soluble fraction could be isolated
showing constant solubility in two or more different solvents (3)e

Using various protein substrates, Northrop (L46) observed a
broad pH region of peptic activity extending fram below pH 2 to above
pH L with a maximun at pH 1.6, In contrast, when synthetic substrates
were used, maxirum hydrolytic activity occurred at pH 4 (L7, 208)e This
discrepancy in pH optima might be attributed to the presence of more
thun one pepsin in crystolline pepsins,

Ce Specificity of pepsin

The action of pepsin on synthetic substrates has not been
measured with the same precision as has the hydrolysis of synthetic
substrates by other proteolytic enzymes, Pepsin hydrolyses only peptide
linkages; it is not an esterase and will not attack amide linkages
Amino acid must be of the Le-configuration cn both sides of the peptide
bond, and aromatic residues greatly favour attacke

In contrast to its slow action on several synthetlc peptides,
pepsin acts rapidly on a wide variety of peptide bonds in protein subs-
trates.s The evidence on this point is largely the result of the work
of Sanger and coworkers (L9, 50) on the peptic dipgestion of the A and B

chains of oxidized insuline The results are summariged as follows:
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Slowly attacked bords Rapidly attacked bonds HRelated bonds not attacked

Phe«Val Phe-~phe Leu~-val
Tyr-glu Fhe-t 1 Iscleu~val
Val=cys 5034 leu~tyr Val~asp
Ala~leu Leu~cin Val=glu
(:lu=his Glu-asp Gly=gluw
Glu=leu AS5p=clu
Cly=-pie Asp=tyr
ilueala

{lu=-glu

It ie true that the vonds between two phernylalanyl residues
and phenylalanine and tyrosine were split raridly, but so alse was the
bond joining a leucine to valires The hiph lavility of the leucyl=-valyl
boni may have been unusual, since another leucylevalyl bond was not splite
From this evidence it would apprear that either the surrounding amino acids
have an influence or there is same special strain on such leucyl=-valyl
bond which mekes it labilee

In other proteins or polypertides of known amino acid sequence,
similar unforeseen results have been reported.

In ribonuclease (51), the two -ala=-ala=- bonds in ~ala-ala-ala=-
soquence were split by pepsin along with -phe~plutamine and -phe-glutamic
acide

In a~corticotrophin (52), it was the -alaegser- bonde This

shows that the specificity of vepsin is very broad and local conditions



of stress on these bonds may be criticale

de Physlcochemical properties

Tie molecular weight of pepsinogen (24, 53) derived from
osnotic pressure measurement is L2,000 + 3,000 Electrochemical charace
terization is limited to the determination of the isocelectric point by
the microscopic cataphoresis method, pH 3¢6 = Le3 (28)s It is consi=-
derably less acidic than pepsin, and is stable in dilute alkali, pH 7 to
9« It is destroyed om 2h=hour standing in 50¢ aqueous etharol (Sk) ard
18 stalLle for only short periods below pli 6 (23)e

Neutral, salt-free solutions of rneposinoren, may be heated to
boiling and then cooled without loss of potential activitye If salt is
added to the hot solution, however, it is found that the protein is
entirely denatured in the hot colution, but in the clicunce of salts
reverts to the native condition ayain when cooled (3)e

Pepsinopren is denatured by stronp alkall, i.ee. pH greater than
940, but thie reactior ig also reversible, at least to a certaln extent
(8)e

The molecular wcight of pepsin by the measurements of light
scattering (55), film pressure (56), osmotic pressure (30), and x=-ray
diffraction (57), seems to point toward 34,500 as the most probable
values

The pure pepsin is believed to have an lsoelectric point below
pH 1 (58), a value which is in accord with the low content in basic

anino acid residuese



Pepsin pratually loses activity in strongly acid solution (59,
60)e &b pi{ 18 and 50°C, loss of activity is paralled Ly loss of
protein nitroren; under these comrxiitions, auwtolysis probably alse con=
tritutes Lo the loss of activity (00)s In very strong acid, there appears
to be first a denaturation, followed by hydrolysis of peptide bonds (60)e
Pepain is iractivated at alkalire pil values, and the loss of
activity is not readily reversible (61)e

ees Chandcal campopition

(a) Anmino acid composition

The amino acid canposition of peruinopen and pepsin have

been detorsined recently (3%, 02, 63)e
Pepsinoren:s Asp (L6), Glu (30), Gly (36), Ala (21), val (25), Ilou (25),
Lau (33), Ser (L7), Thr (238), Half-Cystine (6), teth (L), Pro (19), Phe
(15), Tyr (17), Tryp (0), His (3), Ive (11), Axp {(L)e Total wiino acid
residues por imole 1s 370e
Pepsins Asp (Lli), Glu (27), Gly (38), Ala (18), val (21), Ileu (27),
leu (28), Ser (L&), Thr (20), Half-Cystine (6), Meth (5), Pro (15), Phe
{1L), 1yr (18), Tryp (0), His (1), Iys (1), Arg (2)e Total amino acid
residues per mole is 343

It is worth noting here that on conversion to pepsin there is
a disproportionate losu of basic amino acldse This, coupled with the
Tinding that in pepsinopen the Ewamino proups of the twelve lysinss
are fres ((2), may have special sipnificance for the greater stability

of pepsinogen than pepsin in weakly alkaline solutions,.
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(b) N=- and C-terminal sequences

Tnd group analyses show that doth prepsin and pepsinogen
congist of unly onc chaine The Ne~torminal residues of pepsinoger and
pepsin, detersined by reaction with Tluorodinitrobenzene (6L), are found
to be leucine and isoleucines That, the N-terminal residue of pepsin is
1goleucine, has been confirmed by Helrwegh and edman (3L)e The Ne-termie
nal sequences, detenaired by digesting the dinitropherwl(m{?) derivati-
ves for short periods vith ON HCL and jdentifying the DNP amino acid and
DNP peptides (6L), are dufferent for those two proteins, end so pepsin
can not occupy the N-terminal position. Williamson and Pagspann (G5)
determined the N-terminal hexapeptide sequence of vepsin, usling the
Edman phenylisothiocyanate degradation (66)e They reported the N-ter-
minal residue o be levcine instead of isoleucine.

The Ce-tormdinal egroup in pepsinogen, ap deotermined by the use
of carboxypuptidase, was found to be alanine (67)e The adjacent C-tor=
minal amino sc3ds arc leveine end valine (67)s The C-terminal sequence
of pepsin has been determined by Van virakis and Herriott (63) and by
wi1liam anc Pasasan (69), using carboxypeptidese, For both molecules,
the sequence 3.8 =vale.lcu.alas repein, therefore, constitutes the
C-terminal pexrt of the pepsinogen molecules

{c) Disulfide bonds and phosphate binding

gkarn (67, 70), using monothiorlycol as reducing agent,
found that two disclfide bonds can e readily reduced in both pepsin and

pepsinogen, ard that there is 5 third which is very difficult to reduces



Af'ter reduction of all three cystire disuliide bridges, the proteir
vielded the same osmotic pressure as the native untreated protein.
This eviderce supports the single peptide chain concopt for the struce
ture of pepsinogen,

Perlmann (58) has reported that the phosphorus is bound
as a diester linking two portions of the chein in pepsinogen or prepsin
mclecule, and is nonessential for tne bioclorical activity of these
protolns,

(d) Conversion of pepsinoren to pepsin

Conversion of pepsinogen takes place in solutions which
are more acidic than pH 5. This reaction is autocatalyticy 1.6., one
of the products (pepsin) catalyzes the conversions.. Proof of this cone
clusion wes obtained by cbsorviny an increased rate of activation upon
addition of pepsin to the mixture (28)e

Seven to nine ((2) peptide bonds are hyirclyzed during
the formation of repsin, but if the single chain concept is correct, it
is probable that cleavage of only one of these bonds is required to
relecse the active enzyme, and that the other six to eight bonds may
reflect other susceptible linkages, unrelated to the release of activie
tye It would sprear likely that at least one peptide bond must be split
during conversion, for pepsinogen is not active and repsin which catae
lyzes the conversion cleaves only peptide bonds,

The activation process is, however, comrlicated by the

cireunstunce that the compound (oxr one of the compounds ) sp]it off fram



pepsinogen acts as an intdbitor for the pepsin formed {71). Horriott

zave the following schemes

pli < 5014
pepsinopen —FCREE 5 pepsin-innibitor ——————=  Pupsin +

conipound qﬁﬁfS"EﬂIf" Inhibitor
The inhibltor 48 unstable to alkalis, It is split by pepsin, soluble
in bolling 2.5% trichlorvacetic acid, and dialyses slowly through cole=
lodion membranes.

That the activation of pepeinogern is un ordinary proteclytic
reaction with no intrisic epecificity is knowm by the fzet (72) that
swine pepsin transforms cidehen pepoinoren into chicken pepsin and vice
VErsae

Herriott (73) has described the crystallization of a polypep-
tide which intdlits the pilke-clotiing activity of pepsin at pH 5Se5e
The irhibitor is derived from pepsinogen upon its autocatalytic conver-
sion into pepsine The reversivle combination of persin vith the inhi-
bitor appears to follow quantitatively the aimple mass luwe The inhi-
bitor does not retard pepsin at pH 240, and appears to be digested by
pepsin with a maximum rate noar pll 3.5

Yan Vunakis and Herciott (7h) isclated the inhibitor fram
activation mixtures with lon exchange resins and detecained ite aminoc
acid compositions The FUNB method of Sanrer wis used for emd-group
deternination, and the findins of only one Xeterpinal amino acld
residue, identified as leveins, sugrests that the molecule consists of

a single peptide chaine The recovery of DNP-leucine would indicate a
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value of 3,100 for the molecular weizlt of the inkibitor, widle the
value 3,2L2 was deduced {ran amino acid analyéis s in agreement with
previous determinatione

The immunocherdical properties of different pepsin and pepsie
nogen preparations have been studied by lobachevskaya (75) who concludes
that only limited structural changes cccur during activatione

Lokshina and (rekhovich (76) studied the activation of DNpe
pepsincpens In order to obtain DNF-derivative, pepeinoren was incubae
ted in the presence of ¥OND in phosphate buffer at pH 7.0 for 20 hours
at room temperature. The preparation was dialyzed for two days and
then frozen. Activation proceeded at room temperature for 3 ninutes
and wag cut short by the addition of 1 ¥ NaOl until an alkaline resction
was obtainede. The activation of DNF-pepsinogen and presumably rpepsino=
gon is accompanied by the splitting off 2 peptide from the Neternmdnal
portioh of the molecules In addition,the appearance ol other peptides
was observed upon activations

Lokama and Orechovich (77) have established the amino acid
sequence of the N~terminal portion of pepsinogen, involving eighteen
residuess Leuwval-leu-glu~pro-ali-glu~phe=sor=leus=lys=asp=gly-1ys=val=
~(asp, pro)=leu=- ,

Recently, Herriott (73) has presented an activation scheme,
according to which the remnoval of one peptide from pepsinofen would set
free the active site of pepsine A tyrosine phenol group and a free car-

boxyl rroup were tentatively assigned to the active proupe
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CHAPTER 2o EXPERIMERTAL PROCEDURES

(1) Purification of pepsinogen

Serhadex (25 was used in this worke It is the trade name
of a cross-linked nolysaccharide dextran made by Pharmacia Uppsala,
Swedane The mamufacturerts specification for the Sephadex (=25 was as
follows: lot lNoa To 63595 dry screen analysis on UsSe Noe 508 000 pere
centy through UeSe Noe 2708 5 percenty water repaing 27 Jne water per
fime dry pale

10 gmse of Sephadex (=25 was allowed to swell in phosphate
tuffer (pH 068, 0sCOL M) for half an hour and was then freed from fine
grained material by repeated sedimentations and decantations. The gel
grains were poured into a column (1.8 by 30 cm)e A circular {ilter
paper wag put on the top of ths column to protect‘the surfaces

50 wmee crystalline pig pepsinogen (HNutritional Blochemicals
Corporation, Clevelardd, Ohio) were dissolved in 4 ml. phesphate tuffer
(pH 6e8, 0e0NL M) £xd a small amount of insoluble material centrifuged
offe Then the pepsinegen soluticn was applied on top of the columng
and vhen it had caanletely entered the bed, ihe column was washed with
phosphate tuffer at a constant rate of 2 mle per ninutes The effluent
wag collected in 1 mle portions, The appearance of protein and peptide
impurities in the fractions was followed by paper chramatographye
Pepsinogen appeuared as a siﬁgl& component remaining at the origin on

the papere, Fractions 15 to 27 contained pure pepsinogen. 7The remaining
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material was removed by washing with excess buffer, then the column was
suitabie for another run. The effluents wore quickly frozen and lyophie-
lizeds only Ll percent of the original material was recovered g pure
pepsinogens

(2) Activation

200 mge of the freeze drled pure repsinoren was dissolved in
30 mle of distilled watere The solution was edjusied rapidly to pl 540
or p 2.0 at 20°C or at 0°C. After a certain periocd of time the pil of
the solution was raised to § by addition of NaHCO3.

(3) Dotermination of the romeliming peyainopgen in the activation mixture

S mle manples were token out of activation mixture and Iune-
diately brought to pH § by addition of HalCO3 solutione After standing
at room temperature for 30 wminutes, the sapples vwere activated apain
with HC1 at pH 2 and 20°C for 20 mimutese The activity of the newly
formed pepsin was ten deterrined with the ald of the hemo;lobin method
at pi 2 (8)e

(L) =DN3 reaction

After the addition of WaliCOj, the activation mixture was shaken
with 200 mge of fluorodinitrobenzenc (Foup) (dissolved in 5 mle ethanol)
for 2 hourn at room tamperaturee It was then extracted with several
15 mle portions of cthyl ether to remove the ethanol and the excess
of FDNB, The agueous solution was acidiiied with a few drops of

b

concentrated 1'0le The precipitate was centrifuped dosm, and the
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supernatant was extracted with three 15 nle portiors of ethyl acetates
The combined etlyl scetate extracls were evaporated te dryness in vacuoe
The aqueous layur was f{rozen and lyophilizede

(5) Paper chromatography separation

The rosidues from the ethyl acetate lgyer and the water lgyer
vere quantitatively transferred on the paper chromatograms Whatoann Noe
3 M paper was ugsede The paper shect was first sprayed with pHl 6
phthalate buffer and allowed to dryes The chromatosram wac then allowed
to rmn for L8 houre (2L hours in the case of ethyl acetate residues) in
the dark in the tert-amyl alcoholephthelate system of Blackburn and
Lowther (7%)e

(6) Extraction of DiP-derivatives from the paper

Yellow bands, present on the paper, were cut out, ad the
yellow substances elutsd {ram the paper in the de;rk with 20 nle of 1§
NalCO3 solutione A blank paper strip of simllar sise was elso cut and
eluted with HailC03 solutions The optical densitles were determined in
Seckman DU spoctrophotomoter at 350 mue

(7) Detemcination of the ¥eterminal anino acld of the DiP-derivatives

An equal volume of concentrated HCl was added to the DEPe
derivative solutions, and the mixtures were hydrolyged in sealed tubes
at 105°C for 16 hourse The hydrolygates were then diluted and the K=
terminal amino acids were exiracted with etiyl ether. The DiFeamino
acids present in the extracts were ldentified by paper ¢hromatography

(79)e
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Regeneration of the free aminc acids from the DlP~derivatives
was ach:ieved by hydrelysing the DRPedsrivatives with barivm hydroxide
(80)s leucine and isoleucine were resolved ln the tert-aryrl alcohole
phthalate system desoribed abovee

{8) _Semi~quantitative determination oi the amino acid camosition of

the DNP=derivatives

After ether extraction, the aqueous layer of the hydrolyzate
of the DNP=derivatives was evaporated to drynesse Tig residve wag dige
solved in water and treated with Dowex=50, and then the amino acids
vere eluted fruam the resin with 2 N hiujGHe The eluate was evaporated to
dryness, and spotted on Whatnann Noe 1 paper. The papsr chromatogram
was first run for 30 hours in Newutanolwacctic acid-wator (Lil:5)e
After drying, the paper chromato;ram was run inr the second direction in
90% phenol for 24 hourse

The dry paper chromatogram was sprayed with a 2% aleoholic
ninivdrin solutione After 30 hours in the dark, all the spots on the
perer were cut oute A plece of paper of the sare size was also cut out
o be used as & blanke The colour was eluted from the papar squares
with ethyl alcohol and the clear solution read against the blank at 570
mp (385 mp for proline) in the Beclkman DU Spectroplhiotometer (79).

(9) Determinuation of the Ceterminal arino scids of the DN¥P-derivatives

d. FPreparation of the carboxypeptidase

The crystallire carboxypeptidase suspended in water

(50 mge in 1 ml,) containing NaiiCU3 was obtained from h"orthihgton
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Hochemical Corvoration. The gtock sclution was prepared by diluiing

-

Cel 12e of suspension with 50 ml. of

(3

allCu3 solution (pil £.0)e

be FEaaction

Tha DUfP=derivatives (lose tian 2 M) were dissolved in
3 mle distilled water and adfusted to pY 5.0 Gel ml, (subsirate to
enzyme ratio 50:1) of carbowypeplidase steck solution was added,
Aliavots (05 mle) were romoved frop the mixiure oiter 15, 30. L5, 60,
90 minutese A few drops of concentrated scetic acid were added to the
samples to terminate the enzyre sctione The free awdno acids in the
solutions werc taien up on DowexeS Oy and then eluted with 2 § Liii) Otle
fhe eluate was cvaporated %o drynese end ihe amine aelds present in the
residue were analyszed qualitatively and quantitatively as described in

section 8,



-32 -

CHAPTER 3o RESULYS AHD DISCUSSION

(1) Purification of pepsinogen

The pepsinogen used in this work was a commercial prepara=~
tion obtained from Rutritional Biochemicals Corporation, Vhen the
purity; of this preparation was exanined, it was found that the pepsino-
Fen vas very impures The purity wus tested by running peper chramato-
grams of pepsinogen solutions, or of pepsinogen-fluorodindtrovenzene
reaction mixturess 1In both cases the preserce of 3 to 10 conteminants
was detected on the papere Az the presence of these amino acid or
peptide contaminants would have certainly obecured the identification of
the chenical changes ocecurring during the activation of pepsinogen, it
was first decided to attempt to purify the commercial pepsinogens Liensr
in 1950 (81) and Ruth and Perlmamn in 1963 (39) have reported the purifi-
cation of crude pepsinogen on DEAEe-cellulose columns. Two roughly ldene
tical peaks were obtaineds The potential pepsin activity was found to
be associated with the second peak only. Mo yield of pure pepsinogen,
based on the amount of crude pepsinogen used, was reporteds In our work
we have used Sephadex 0-25; this compound has been used extensively in
the last few years for the separation of famuains from materials of low
molecular weighte The elution of protein and peptides from the column
was followed by measuring the U.Ve absorption at 280 mu of the eluate
and Ly paper chromatographye The fraction containing protein or smaller
contaminants were lyophilired and the weight of the dry residues

deternineds The results are shown in Figure le The UeVe absorbing
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material was found to be located mairly in one sharp peak, covering
fractions 15 to 273 those fractions were alsc shown by paper chramatoe
graphy to contain only one componenty this uddique casponent did not move
at all on the paper chromatocram. A8 far as the recovery is concerned,
it can be seen on Figure 1 that only LO %o LS per cent of the original
material was present in the pure iractions. This yield is relatively
low, it iz possible that the separation of repsinogen from the impuri-
ties could have been improved by devoting more time to this problems On
the other hand, this purification process had the advantages of being a
fast and simple method to produce very pure pepslrogene It was therefore
decided to use it without further ilmprovements and to concentrate our

efforts on the study of the activation procesae

{2) Activation of pepsinogen

At pH values less than 6, pepsinopen is converted to pepsin
by an autoeatalytie reaction, the conversion is speeded by the addition
of pepsin or by increasins the concentration of pepsinogen, the reaction
has & maximum rate near the pH optimum of pepsin (pH 1.8), and the reac-
tion is also catalyzed by hydrogen ionse In the present work, a rather
high pepsinogen concentration was used (6.6 mge/mle); this concentration
was used for two reasons: firstly, in order to simplify the extraction
procedure, the volume of the solutions had to be kept as small as
possibles seconxily, in order to get enouph dinitrophenyle-peptides (DNP=
peptides) to work with, large quantities of pepsinogen had to be used,

The activation was first studied at pH 2,0 and at room terperature (20°C);



the process was found to be very fast (Figurc 2)e then the terperature
was lowered near 0°C, the rate of the activation process was decreased

& little, especially in the first two minutes of the reaction (Firure 2)
but we did not obtain the big decrease in rate that we were hoping fors
It should bte pointsd cut that thege curves (Fijure 2) rive the rate of
disappearance of pepsinogen from the reaction mixture rather than the
rate of appearance of pepsine Popsin activity messurerente with the
hemoglobin methed are carried out under conditions which would noxnally
activate pepsinopen raridly, tberefore the nevly formed pepsin had to be
first denstured at alkaline pH values and then ihe rem2ining pepsinogen
activated at pH 240 and its activity deterwined Ly veachion wish hemoglo-
tin (28)e

The curves in Figure 2-i were obtzined from the data presens
ted in Figure 2, The differemces Letween the quantity of renginopen
present at time zero and the pepsinogen remaining in the activation mixe
ture after 1/2, 2, 5, 10, 20, and 30 rirutes were coverted into pepsin
units according to the method of Northrop, Kunitz, and Herriott (8),
these curves therefore give the rate of appearance of the nevly formed
pepsin in the activation mixture.

The activation process was also studied at pH 5.6 It is
known that above pil 5eli pepsin forms an inactive complex with one of the
peptides liberated during the activation, this peptide is called the
pepsin inhibitore By running the activation at pil 5.5, it was hoped

that the newly formed pepsin would be vory rapidly inactivated by the
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peptide inhibitor, and that this inactivation would prevent any pepsin
fragmentation due to autolysise Activation at pH 5.6 was also run at
two different temperatures, 20°C and 0°C (Figure 2 and 2-A)s At pH 5.6
and 20°C, it is quite evident from the curves presented that the activa-
tion process is slow and when the temperature is decreased to 0°C the
process is still slowere It can be seen also that after 30 mimites the
amount of pepsinoren remaining in the pH 566 activation mixture is mch
groater than the amount remaining in the pH 240 activation mixture. In
the pH 2.0 activation rdxtures 575 and 61% of the original pepsinopen
was left after 30 minutes at room temperature or at 0°Ce In the pH 5.6
activation mixture on the other hand, 82% and 4% of tho original pepsi=-
nogen was still present after 30 minutes at rom termperature or at 0°C,
In other words, after 30 minutes at pH 240 and 20°C, 43% of the pepsin
potential activity had been liberated, and after 30 minutes at pH 2.0
and 0°C only 39% At pH 546 only 1835 and 16% of the pepein potential
actlvity had been liberated after 30 wimutes at 20°C and 0°C respective~
1ye The LO¥ yield obtained at pH 240 is a little surprising, because it
is generally assumed that pepsinogen is fully activated by starding a
few minutes at pH 2. After 10 minutes at pH 2.0 and 0%, Herriott (28)
obtained comversion of about 90% of its pepsinogen into pepsing at pH
360 and 0°C, he got a L5 to 50% yleld after 20 mimutes (71)e The yields
obtained at pH 5.6 are more in line with the results presented by
Herriott (23) for activation at pH Leb and 25°C, But in all four cases,

the curves that we have obtained are not representative of an autocatae



lytic process ag was the curve obtained by Herriott for activation at pH
Le6 (23)s On the contrary, in our activation systems the rate is very
tdgh in the first fow nirutes of activation, and much highor at pi 240
than at pH Seb6e This would imply that hydrogen ions are the main
catalytic apents, This has been already noticed by Herriott (23) who
concluded that the reaction is autocatalytic atove pH LeC, but tlat in
golution more acid than pi le0, it deviates from tle simple autocatalye
tic processe In focl only tne curve cbtained for activation at pH 546
and C°C (Iigure 2-A) could represent the borinnivg of the S-ghape curve,
tyrical of the autocatalyitic activation. VHerriott (72) plotted his
regults ag the log of (Ae=A)/A azeinst the time, whore Ag is the final
pepsin activity and A is the activity at time te This method of plote
ting vives a sbralght line showing that the reactions are antecatalytics
the slope of the line is called the autocatalytic constant Xe The
expression log i"iﬁ is derived Srom the simple autocatalytie equation
dA/dt = KA (Ag=A)e Ve have plotted our results in accondiance with the
sutocatalytic equation, iees 1OE i“.e;.}‘i against time (Figure 2-B)s The
PH 56 and 0°C and the pH 5¢6 ard 20°C activetion mixtures give good
straight lineas, the autocatalytie constants sre 0.061 and 04060 respece-
tivelye As far as the pi 2,0 activation ic concerred, it is quite
evident from the graphs presented in Figure 2-B that the reaction is
rore complex than a simple autocatalytic activation processe

In all our experiments the activation process was stopped

after 30 minutes. Our intentions were 1o study the first chemical events
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oceurring during activation, and if possible, to characterize the first
peptide liberated from pepsinogen, therefore we tried to keep the acti-

vation mixture as simple as possible by using short time periodse

(3) Activation of DkP-pepsinogen

Recently Iokshina and Orekhovich (76) studied the activation
of DNP-pepoinogens They claimed that the acidification of a DNP-pepsino-
gen golution for three mimites at room temperature is accanpanied by the
release of a DNP-peptides We have tried to repeat their results, but
unfortunately withoui succosse We fourd out that as soon as the pH of
the DNP=pepsinoren solution is lowered below Sy the DNP=protein is preci-
pitated out of the solution leaving a colorless solution. It secms
therefore doubtful that DNF-pepsinopgen can be activated at 211 at pH
values lower than S,

(L) Fractionation of the activation mixtures

Yo first attempted to {ractionate the pepsinogen activation
mixtures using conventional paper chraamatosraphy and paper electrophore-
sis methode The whole activation mixtures or the TCA supernatants were
used in these fractionation attempts, but no clear separation of the come
ponents could be obtaineds Ion exchange resins and Sephadex G=25 were
also tested, but here again we did not get good separation of all the
conponents. The method finally used congisted in treating the activation
mixture with fluorodinitrobenzene in NaliCO3e After acidification of the

reaction mxtures and extraction with etlyl wcetate, we obtained three
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fractions: le the insoluble DNP-proteins; 2. the agueous layer contal-
ning big DHP-peptides insoluble in organic solvents; 3s the etlyl acetate
layer contalning dirdtrophenol, dinitroaniline, scluble DiP-peptides, and
DNP~anino acids,

Not much work was done on the insoluble DNP-proteinss This
is a mixiure of DilP-pepsinogen and DNP~pepsine

The water and ethyl acetate layers wore fractionated by vaper
chromatography using the Blackburn and Lowbtier's method (7%)s In tho
cagse of the water layer a L8 hour run was used and a very icod resclution
of I to 5 components was obtained, those components were designated Wy,
Wy VW3, W, amd W (Table 1)e A1l four activrtion mivtures were found to
contain Wy, Wps Wy and Wgy W), was absent from the pi 2.0, 20°C activation
mixtures As far as &g (the fastest DNP component) is concerned, the dis-
tance travelled was found to vary considerablye

The ethyl acetate layer was more difficult to fractionate, a
shorter run (24 hrse) had to be used in crder to prevent tho fastest
component from running off the paper. In addition the ¥ellow bands on
the paper were not very sharp, K1, the yellow band remaining at the
origin, the dinitrophenol band, and the dinitroaniline band were easy to
recognizes Lp, E3, and B were not well defined yellow bands; they were
yellow zZonese. E2 and B3 were between the origin and the dinitrophenol

band (i), and Eg was situated between the dinitrophenol and the dinitro-
anilive bands,
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Table l, Dictances travelled by DNP-peptides
from activation mixtures on Vhatman
Hoe 3 FM paper in tertiary anyl
alcchol~phthalete buffer pH 008 system
PH 240 Pl 546
Fractions 0°C. 20°C. 0°C. 20°C.
cm./’-:(} Irae Cl‘:}./l;:;‘ hrie cm./hﬁ nrse m'.'io/lla hrs,
Water phiases Y o 0 0 0
Wo 5e0 LS 3e8 55
WB 17 105 (e2 Te7
Wb 1.0.2 - l’-&o3 905
W5 15.3 2"3.0 2607 130111
cm./214 hrse cm./}'ﬁl; hrae cm./hﬁ hra. em./i!i; hrse
“toAc phase: Iy 0 0 Q 0
E2 2063 L’.C 905 240
2433 Bal 6.0 1.0 10.3
Eg 2044 - ~ -




It should we rointed out azlse trat when purified persinogen
or crystalline pepein are treated with FOKB, the aquecus layer contsins
only Wy, and the ethyl acetatc layer only Fys dinitrorhenol, and dinitro-
anpllire. It is therefore evident that the DNP-derivatives except Wy and
Ej present in the wator and ethyl acetate layors, obtained from the actie
vation mixtures, uere formed a8 & rosult of the transformation of pepsi-
nogen into active pepsine The rate of production of these DHP-peptides
wes estimated Ly determining the optical density of the DNP-peptide
solutiors (after extraction of the MiF=derivatives fi'om the paper) in
the Beckman DU spectrophotumeier for four different pericds of activae
tions The curves showinr the inerezce with *ire of oneh component axre
giveon in Flgse 3, Ly 5 and O

I¥ we look first at thre grentitative asspect of those curves,
i1t is evident thay actlvation at pi 2.9 produses much more DNP-derivati-
ves than activation at pil 5.0, 10 4o 15 times more, This is in line
with the resulis presentcd aiove (Fipe 2 md 2-A) that activation at pi
240 produces mere active popsin withir 30 mimvtes than activation at pH
5¢6s 1In three cases ot least Fige 3, 4, and 5, it is also evident that
Wo is the component pruduced at the hiphest 1ate. ¥y which is not
moving at all on the poper chromatosram {(Teble 1), contains all the
amino acids (Table L), has an isoleucine or a valine N~terminal residue
(Table 2) and an alanine C-terminal residue (Table 3), and is also

presont in the pepsinopen-iDNB and the pepsin-FDNB reaction mixtures.
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Figure 4. Liberation of peptides from pepsinogen during

uctivation at pH2.0 and 0°C
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Table 2. HNeteminal groupz of peptides isolated

fros Lhe activetion sdxtwres

Neterminal residues

Peptides H 2.0, G°C Dl 240, 20°C TH Sedy
¥y - Tlen Val
Wy ~ Lem val
W3 Leuw Ten Lea
i, val - Val
W 5 - Ieu val
£ - Ilen A
Ep Leu o0 Tev
B3 Ieu Leu val

E5 Vsl - -




Tabls 3e Cetermdinal residucs of tre peptides

isclated Jfrop tie petivation wiyiures

Cetermingl residues

Feptides 5 2.0, 0°C pH 240, 20°C
Wy fla-leu=(val~phe-) Ale-(leuwval=)
Wo Asp=leu=-pha- Asp-leu=phe~( gly-vale)
¥y Ha-Cer-lou- Hig~ger=(leu=arg=gly=)
W), Lou=val-gers -
Vg Lou=( asp=vale) Leu-asp-vale-
By Ala~(leu=val=) Ala=lou=vale
Ep Hig«ser-leu- His-ser-
Ly lauv-asp- Leu=-asp=
Eg Isu=vale- -
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It is probably a mixture of D¥P=-pepsinogen and DNP-pepsin which are very
slightly soluble in water. The increase with time of ¥q would indicate
that DHP=pepsin is more soluble than the DNP~pepsinogens

As far as Vo is concerned, it is evident that it 4is the major
conponent produced during activation at pH 2.0 The initial rate of Wy
production correspomnls to the rate of pepsin production in all four cases
studiedse At pH 5.6 where the pepsin fometion reaches a plateau very
rapidly, the Wo formation is also very fast in the first few minutes and
then becomes almost negligibles In most cases also the production of Wp
follows pretty well the production of Wie If wa asoume that W) is mostly
MiP-pepsin, then those curves indicate that Vg is the most important pep-
tide released from pepeinogen when it 1s transformed into pepsine

Our results indicate also that Wy 1s not the only peptide
lberated during activation, at least three other Lig peptides, W3, W),
and 'w5, are also formeds Tho amount of these peptidea produced is very
small as campared to V4 and Wpe At pH 2,0 there is a small increase
during the first 2 minutes and then the quantity of these peptides remains
almost constante Al Dl 566 the situation is a 1ittle differente At room
tempsrature W3 production follows ¥h and iy’g production while ) and Wy do
not increase any more after 2 minutes. At 0°C the situation is reversed,
w; becomes the most important peptide formed, and even after 30 minutes
the quantity of Wg produced is still increasing. ¥3 shows the same type
of curve but on a much lower levels W)} does not increase any more af'ter

the first nimites It should be remembered that at pH 5.6 and 0°C the



pepsin productdon reaches a plateau very rapidly (Fige Z2=A)e

The peptides V3, M), and Wy could be considered as:
1. peptides liberated from pepsinogen during its conversion into active
pepsin. 2. peptides produced by the action of the newly forrmed pepsin
on ¥W2e 3» peptides produced bty autolrsis of pepsine. If these peptides
vere formed by proteolysis, action of pepsin on Wp or on itself, one
would expect that the quantity of these peptides present in the activa-
tion mixture would increase wilh timees DBut this is not the caze (Fig. 3,
Ly 5, and 6) for most of then. On the controry the quantity ircroases
only in the first few mimtes of activation, and therefore it seers more
probable that thelr formation iz asscclated with the production of
active pepsine Even in the case of Vg at pli 5.6 and O"C (Fige ), it
should be remembered that after 30 rdrutes the total quantity of Wy is
not larjrer than the quantit; of Vg present in the pH 2,0 activation mix-
tures (Fice 3 and L) after 30 minutes. It is however much higher than
the amount of Wg present in the pH 5.6 and 20°C activation mixture
(Fige 5)0

It 1s reasonable to assume that the liberation of W, W3, W,
and WS involves in each case the cleavace of one peptide bonde If this
is right, then ons must assume that more than one species of active
pepsin 18 formed by ruemoval. of a yiven peptide from the N-terminal end
of pepsinogen. The Vo pepsin, the one formed by remcval of the Vp pep-
tide from pepsinogen, would be the most important species of active

pepsime The W3, V), and Wy pepsins would be less importente At pH 5.0



and 0°C the Vg pepsin would be the most important specles formeds The
amount of each peptide formed would therefore depend on the susceptibili-~
ty of 2 glven peptide bond to acid or peptic hydrolysis. It is quite
evident ihat the peptide btond cleaved when Wy is liberated is very suscep-
tible to acid hydrolysis, and that at pll 2.0 the autocatalytic activation
process i8 not important. The peptide bonds inveolved in liberation of W3,
W), and Wy are less rapidly cleaved in very acid solution. The least sus-
ceptible would be cthe W, peptide bondy this peptide is not formed in any
measurable anount at pH 240 and 20°C. The peptide bonds Wp, W3, and Wg
being probably cleaved too rapidly. At pH 2,0 and 0°C, where it is
evident that the speed of cleavage of the peptide bonds is decreased,
then a little W), peptide bond is also cleaved.

At pH Se6 it would seen that the hydrogen ion catalyais is
less important, because the production of peptides stops after a few
minutes as well az the pepsin productions If we assume that at this pH
the autocatalytic activation is important, then the formation of the pep-
sin-inlivitor complex would prevent any big autocatalytic effect after a
few mimitess Also at this pH the susceptibility of the peptide bonds to
hydrolysis is sligntly changed with temperature, At 0°C the hydrolysis
of the Wp and W3 peptide bonds seems to Le slower than that at 20°C, and
this results in an increased production of W) ard Wg as more of these
bonds are available. It seems also that at pH 5.6 and 0°C the formation
of the pepsin-inhibitor camplex is slower than that at 20°C. After 30

mimites, the amount of W3 and 1y is still increasinge
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If this discussion is right, then we must conclulde that the
¥2 peptide bond is the one situated farthest away f{rom the Neterminal
resldue of pepsinogen. Its cleavase would liberate ihe bigest peptide,
and also would prevent the immediate cleavage of the W3y by and W
peptide bonds which would be closer to the Neterminal residuec of pepai-
rogen, Wg being the closest of them all,

As it was stated before the importange of the ethyl acetate
gcluble components is more difficult to assess. From the amino acid
analrsls, N-terminal and C-terminal residuec determination, it would
sacm that the zones 3, E, and L4 contain also the water soluble compoe
nents Wl to Wge It is very likely that these DiP-derivatives are
slirhtly soluble in ethyl acetate, Because of the ghorter running time
used in developing the chramatogram, it could be expectod that the ethyl
acetate bands corresponding to A, Voy Wys Wy and Wg would be situated
between the origin and the dinitrophenol barl, hence in Eys Zp and Eze
g would contain only OWNP derivatives of very small peviides and free
amino acids such -as leucine, isoleucine, valire, phenylalanine, tyrosine
and prolinee £y is the yellow component remaining at the orlgin, it is
rrobably identical with Wy, DiPe-pepsinogen and DiP~pepsine W could
also be present in By, a8 Wo i8 running very slowlye Eoy the first
yellow zone moving very slowly in tertiary amyl alcohol, probably cone
tains W2 and W3; while B3, the second yellow aone, could be o mixture of
W and Vg At pH 2.0, E2 is the component produced at the highest rate,

while at plf 5.6 it is less irportant than E3. Furttemorc in most cases



the production of E2 corresponds to the production of Lgs tho pli 2,0 and
0°C activation mixture being tle only excepticte In the lust case after
10 nminutes Uy goes on increasing while ¥y remaing constant, As far as
E3 18 concerned, this zone is important in the pH 240 and 20°C activa-
tion mixture, The large quantity of Eq could be a reeult of the greater
80lubility of W), and Wg in ethyl acetate, If this is right, then the
role of R, and WS in the activation of pspsinogen could be nore important
than it was first belleved after the examination of the water phieses

At pll 546 the situation is reverscd. '3 becoce the most
important component of the etlyl acetate phase. On e quantltative basis,
it would moan that at pll 5.6, at 20°C as well as 0'C, the poptides Y, and
Wy would bho produced in larger quantiiy than wp and 1;3 » therefore at pi
S5e6 the activation of pepsinogen would produce & mixture of mamy species
of pepsin in almost equal wwunt. These differert popeins would be
produced by avtocatalysis and Wy hydregen ion catalysics On the other
hand, at pi 240 the activation mixture would contain one main pepsin
species (the Wo pepsin) and smaller emounts of the other speciese Hydrow-
gen ion catalysis would be the main process involved in the activations

The Wp peptide bond would be the most suscoptible io acid hydrolysise

(5) ’nalynis of the N-tominal residues of the DNP-derivatives isolated

fron the activation mixtures

The M-terminal residues of the DNP=-derivatives isolated from

the activation mixtures vere identiiied by paper chromatopraphy after
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acid hydrolysis of the derivatives. Positive identification of the Ne
terminal residues was not easy in many cases due to the small muounts of
DiP-derivatives involveds Table 2 gives the list of the li-terminal
residuee which were identifieds The main difference between pH 2.0 and
pH 5406 activation is that in many cases a valine roplaces leucine as the
Neterminal residue (W, Wp, Wg, and E3)e Wy and By from pH 2,0 activa-
tion mixture have an isoleucine N-terminal residues, this is tle sawe N-
terminal residue as pepsine This seems to indicate that the main species
of pepsin produced has an igoleucine a N-terminale At pH 546 tho main
N-terrdnal residues identified were valine for Wy and leucine for Ej,
this could mean that the other pepsin species produced have aifferent
Neterminal residuese Ieucine and isoleucine have been reported as
Neterminal residues of pepsin (3h, 6h)e

It rust be pointed out that in many cases especially in the
case of the etlyl acetate soluble camponents more than one yellow spot
was visible on the paper chromatograms, but the other spots were present
in trace amounts only and it was not possible to :!.dent_ii’:s them positi=
velys These spots therefore were not included in Table 2, but this
indicates that the ethyl acetate components were not as pure as the
water componentse, Table 2 also shows a gort of specificity for the
cleavage of peptide bonds in which the =-NH- group is provided by leucine

or izoleucine at pH 240 and leucine and valine at pH Se0e
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(6) Analysis of the C~terminal sequences of the DEP-derivatives isolated

from the activation mixtures

The C~terminal sequences of the DiP-derivatives were studied
with carboxypeptidase, The amino acids libersted were identified by
paper chromatopraphy. The rates of liberation are given for same of the
LXP~derivatives in Pigse 7, 8, 9, and 10, In all cases the Ceterminal
residue is very easily identificds In many cases 1t is also possible to
ldentify the second and the third residues from the end of the peptide
chalne The C-temminal sequences identified are listed in Table 3. This
table indicates that the main constituent of Bz is W3 and the main one
of £3 is Wge It io probable that during the 2L, hour run used to fractio=
nate the ethyl acetate layer, ihe Wo peptide did not move enough from
the origin to be seen as a distinct yellow bande This table also does
not show any specificity as far as the amino acid providing thie =CQ-
group to the peptide bond being cleaved is concerneds It must be ramen-
bered that pepsin has very broad specificity (78)e The Ceterminal se-
quence of W) and Ej is the same as the one identified by other workers
(68, 69) for pepsin and pepsinogen. This glves more weight to ocur
previous assumption that Wq was a m‘.xture- of DNP-pepsin amd DNP-pepsinoe
gene Also if we assume that our previous discussion about the libsration
of different peptides frun the Neterminal end of pepsinogen is right,
then when W2 is liberated, an agpartyle-isoleucyl bond would be troken,
When Wy is liberated, a histidyl-valyl (or -leucyl) bomi would be ine

volveds The liberation of ¥y and Wg would involve the cleavage of a
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leucyl-valyl (or -leucyl) bonde The amino acid residue preceding
lesucine could be valine in case of Vi), and aspartic acid in the case of

w;.

(?) _auino acid aralysis of the DiNP=derivatives isclated from tlhe

cetivation mixtures

Preliminary work wae done on the anino acid content of the
DiP-peptides separated by paper chromatorraphy. The method used was
only sexi-quantitative, therefore the results presented in Table L
cannot be considered as definitives. WNevertheless they give a rood idea
about the identity of the amino geids presont in cecl: peptide and also
auout the proportion of sach wwino aeid in a glven peptide. The optical
deusity readings were transfomed into micramole units using the extinc-
tion cocfiicient (32)s The smallest veluve fourd for each peptide was
arbdtrary cheson as 1, thorefore the number following each amino acid in
Table L indicates only the proportion in which cach amino acid is presont
in a given peptides It ic imposeible to compare one peptide to another
on a guantitative Lasis, because different quantities of each peptide
were used in the anelysise It 1s evident that a more accurate method of
aralysis should be used in onler to establish the quantitative amino
acid comporition of the peptides. MNevertheless the results agree well
with the hypothesis proposed before that Vg would be the smallest pep=-
tlde ldberated by cleavape of a peptide bond near the Neterminal end of
pepsinogen, and Wiy the bigrest one. For example Wg does not contain any

histidine while all the other peptides contain histidine. Recontly
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Lokshina and Orekhoviech (77) have established the Neterminal sequence of
pepsi.nbg'{m:, involving 18 amino acid residuess leuw-val-leu=;lu-pro-ala-
glu-phe~-ser-leu~lys-agp=rly=lys-val=(asp, pro)=-leu=. This amino acid
compogition arrecs very well with that of W5 and secems to indicate that
¥g comes from the M-terminal end of pepsinogen, It is also important to
notice that the peptides Vip and W3 contain a high proportion of lysinee
It is well knowm that during conversion of pepsinogen to pepsin there is
a disproportionate loss of basic amino acidse Also it should be remam-
bered that the amince scld composition of the inhibitor reveals a high
Lysine contents Tt 4o probeble that elther Wy or W3, or both can act as
inldbitor, Herriott has »roposed recently that the lysine residues
could be imvolvod in the interaction between the inhibitor and pepsin
(73)e

The amino acid composition of the ethyl acetate soluble compo=-
nents shows some qualitative and quantitative differences with the amino
acid composition of the corresponding water soluble componentse This
could hbe due to the fect that these c¢omponents were not as pure as the
water scluble components,

There i3 one point however which does not agree with the hy-
pothesia as proposed previouslye It is the absence of proline in V).
If W) comes from the Neterminal end of pepsinopen, and is a little
longer than Yg, it should contain prolines The absence of proline could
indicate that V), does not come from the N~terminal end of pepsinogen,
but could he a paptlde fragment coming from a section of the pepsinogen

chain situated between Vi and the Ne-terminal end of pepsine It could be



Hberated by the cleavage of two peptide bondse
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CUAPTER Lo GENERAL DISCUSSION AND CUONCIUSION

In the work presented in this thiesis, the activation of
pepsinogen into pepsin has been studied under different conditions of pil
and temperature, in order to elucidate the chemical transformations
leading to the production of an active enzyme from an inactive proteine
Pepsinogen was purified bty a rapid and simple method involving filtra-
tion on Sephadexegel columms. The activation of the purified zymopen
was shown to be much faster at pH 2,0 and room temperature than at pH
2,0 and 0°C or at pll 5.6, 20° or 0°C (Tige 2 and 2-A)e It was also
shown that at pH 20 the reaction is catalyzed mainly by hydropen ions
while at pH 5.6 the reaction is mainly autocatalytic (Fige 2-B)e In
fact only the pH 5Se6 and 0°C activation process gave a pood straight
line, when log ﬁ‘i{ﬁ was plotted agalnst time, indicating an autocata-
lytic reactions The peptides formed during activation were purified and
isolated as their DNP=derivatives by paper chromatographye The main
peptide produced at pH 2,0 and at pH 546 (W) was shown to be produced
at the same rate as active pepsin, the only exception being activation
at pH 5.0 and 0°C where a different peptide Wy was produced at a higher
rate than Wy (Figss 3, b, 5, and 6)s The other important peptides proe
duced at pH 240 and at pH 5.6, W3, W), ard Vg, were present in the activa-
tion mixture only in small quantities, their production was fast in the
first few mimutes of activation and then became very slow or stopped
canpletelys this showed that their productién cannot be related to ths
production of most of the active pepsin present in the activation mixture

at pil 2.0 and at pH Se0e These peptides, W3, %), and Wg, can not come



from the breakdown of pepsin by autolysis or from the breakdown of Wo,
because itheir concentration would increase with time as the concentra=
tion of W, and pepsin increases,

Fran the study of the C-terminal sequences of pepsinoren and
pepsin, 1t is known that the peptides liberated during activation come
from the Neterminal end of pepsinogen. It is possible to imagine that a
certain number of peptide bonds in this section of the pepsinogen chain
are Javtile to acid hydrolysis or to peptic hydrolysis, therefore accere
ding to the pH of the solutlon and to the amount of active pepsin present,
those different peptide bonds could be cleaved at different rates, The
liberation of these peptides would ummask the active center of pepsin
and produce the active engymes A cortain number of different active
species of pepsin would Le possible according to the peptide bond cleaved
in a given meleculej the heterogeneity of pepsin hes already been dise
cussed in the introductions Frum the amount of Wo produced at pH 2.0,
it seems evident that this peptide is mainly liberated by acid hydrolysis
and that one main pepsin species only would be produced at this pHe From
N-terrninal, Ceterminal, and amino acid composition studies, it would seem
that the liberation of W would involve cleavage of an aspartyl-isoleucyl
peptide bonde

From amino acid composition studies, there is good indication
that Wy would come from the first 18 amino acide of the pepsinogen chain,
It is questionable whether the liberation of W5 produces active pepsine
At pH 56 and 0°C, Wg production is still going up after 30 wimutes
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(Fige 0) while the active pepsin production has already stopped (Fige 2-A)s
It is jmssible that the llberation of this short peptide does not urmask
completaly the active center of pepsine

In conclusion, we believe that the activation of popsinopen
into actlive pepsin can be brought about by the cleavage of a certain
mnter of different peptide bonds giving rise to different species of
active pepsin, But In each case the cleavage of only one peptide bond
would be sufficlent to produce the active enzymeo The main peptide bond,
cleaves umder different comditions, would be an aspartyl-isoleucyl pepti-
de bond leading to the production of one peptide Wp which could act es
the pepsin inhititor, and to the production of one main type of active

pepsing
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